interface chemistry and physics that govern them, in particular electrochemistry. A BLM is considered as a free standing film, and as such conventional optical methods have been used to determine its thickness (see Fig. 1 ). Further, a BLM is similar to that of a soap film. Hence the maximum pressure method can be applied to obtain its bifacial tension. Since insofar as we know, almost all interfaces are electrified, it is expected that a biface should possess similar characteristics. Indeed, the system of an aqueous solution | BLM | aqueous solution is set up perfectly for electrical as well as for photoelectric investigation. All one has to do is to insert a pair of reference electrodes in the bathing solution across the biface.
A planar BLM is a 5 nm thick lipid bilayer structure separating two aqueous solutions, which along with the spherical liposomes has been extensively used as an experimental model of biomembranes. 2, 5 In fact, the current understanding of the structure and function of biological membranes can be traced to the investigations of experimental model membranes which have been developed as a direct consequence of the applications of classical principles of interfaces advanced by Langmuir, Adam, Harkins, McBain, Hartley, and others. In the last few years there have been a number of reports on self-assemblies of molecules as "advanced materials" or "smart sensors". 6 Without question, the inspiration for this exciting development comes from the biological world, where, for example, the lipid bilayer of cell membranes was among the foremost self-assembling and self-sealing systems ( Table 1 ). The cogent reason that self-assembled BLMs (planar lipid bilayers) are of sustained scientific and practical interest is owing to the fact that most physiological activities involve some kind of lipid bilayer-based ligandreceptor contact interactions. For instance, by embedding a receptor or a host of specific entities into a supported BLM, it is possible to create a sensor that will interact with its selected environmental counterpart. Some of recent experiments in close collaboration with our colleagues are delineated here.
Experimental
Work with planar lipid bilayers began with what is known as the conventional BLM. Formation of this membrane could be accomplished using either one or two aqueous interfaces. Amphiphilic lipid molecules were used and a bilayer membrane was formed by a spontaneous thinning process. It has been suggested that, in the final step, a chance contact may initiate a mechanism analogous to a so-called "zipper-like" action, leading eventually to the formation of a BLM 4 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 interposed between two aqueous interfaces or at a biface: (1) Initially the lipid film is thick exhibiting interference colors; (2) At the distance about 100 nm, a silver film is seen under visible light. The main process of thinning leading to the silvery reflection is due to the presence of Plateau-Gibbs borders; (3) At this stage chance contacts of the hydrocarbon chains of the adsorbed monolayers situated at the opposite interface may occur; (4) These chance contacts could come about from a number of causes such as thermal motion, mechanical vibration, impurities such as dust particles, and local variation of interfacial tension. It has been suggested that any of these chance contacts may initiate a mechanism analogous to a "zipper-like" action, leading eventually to the formation of a BLM (see J. Colloid Interf. Sci., 22, 447, (1966)).
(see Fig. 1 ). The two key components of the thinning process are the actual membrane being formed and the Plateau-Gibbs border. The Plateau-Gibbs border is the ring of lipids surrounding the BLM. This border serves to support the bilayer and also collects the lipids as they are removed from the lipid film during the thinning process. It has been revealed that the membrane is in a dynamic equilibrium with the Plateau-Gibbs border at all times. 7, 8 A wide variety of molecules, providing various chemical and physical properties, were then incorporated into the lipid bilayer. These molecules are termed modifiers. A membrane is modified by adding a modifier to either the bathing solution or the BLMforming solution. To make a significant change in the membrane composition, only trace amounts need to be added.
Preparing a conventional BLM
The conventional BLM is the pioneer version of the metal-and salt bridge-supported renditions of BLM systems currently being used today. The conventional BLM apparatus consists of two compartments each containing an aqueous bathing solution, usually 0.1 M KCl, separated by a hydrophobic septum. 5, 7 The septum contains a small aperture approximately 1 mm or less in which the lipid bilayer will form. A lipid solution is applied to this hole using an artist's brush or Hamilton syringe. The process of forming a lipid bilayer in this way first begins with the formation of a thick lipid film. As the thinning process continues, colored fringe patterns are observed with a low power microscope (10 -50×) until the lipid film is so thin that no wavelengths of visible light are reflected. At this point, the membrane would appear black and a bilayer of molecular dimensions would be present. It should be pointed out once again the significance of the PlateauGibbs border and the role it plays in BLMs, conventional or supported. The Plateau-Gibbs border essentially connects and supports the bilayer membrane to the perimeter of the aperture. As the lipid layer thins, the molecules move from the relatively thick lipid film to the Plateau-Gibbs border. It appears as a torus of lipids surrounding the membrane. Ultrathin lipid films of bimolecular thickness appear "black" when viewed against a dark background because the light reflected from the front interface undergoes half a wavelength phase shift and interferes destructively with the light reflected from the back interface, which experiences essentially no phase shift. In contrast to L-B monolayers and multilayers, a BLM is a fluid-like, dynamic structure in a metastable state. For biosensor development, a "fluid" bilayer is of crucial importance. The process of the BLM formation may also be followed visually or by monitoring its electrical properties. During the initial thinning process the membrane exhibits "rainbow" colors which gradually give way to "black holes" which eventually coalesce to cover the aperture that separates the two chambers (see Fig. 1 ). This "black hole" formation can be accelerated by applying a voltage of 50 -100 mV of a short duration (a few ms). 5, 7 Incorporation of substances into the lipid solution will also be present in the membrane since the two are in equilibrium with each other. Due to their differences in quantity, a small concentration changes in the border will lead to a more significant change in the thin membrane. The most important and hardest variable to control is the actual BLM. Theoretically, the quantity of lipids in the membrane can be estimated by obtaining the product of the membrane thickness and area. The area of the membrane can be achieved by optical and/or electrical methods. The area of the bilayer lipid membrane is very large in comparison to its relative volume and thickness. Therefore, the movement of substances between either aqueous medium and the membrane is very rapid. In fact, gradients of composition may actually exist between the center of the membrane and the Plateau-Gibbs border.
Some of the various types of lipid solutions used to form BLMs are as follows: 2 -5% lecithin and phosphatidylcholine (PC) in decane, 1:1 mol% PC and cholesterol in decane, 1% glycerol monooleate in squalene, oxidized cholesterol in octane, glycerol monooleate 36 , glycerol dioleate (GDO) in squalene, and GDO solution saturated with zinc phthalocyanine. 5, 8 Pressure and temperature factors are considered next. The environmental pressure exerted on the BLM takes into account the atmospheric pressure, gaseous phase, and hydrostatic pressure of the aqueous medium. A very small change in temperature will effect membrane formation, stability, and thinning. This is a result of temperature dependency on the diffusion rates of the substances within the system, the viscosity, and the liquid crystalline structure of the membrane. Transmembrane gradients may be formed in terms of molecular concentration, ionic strength, electromotive forces, and/or hydrostatic pressure. Depending on the permeability properties of the membrane, the concentration gradients provide for either the transmembrane flux of the substance or an osmotic flux of water. If the membrane is not permeable to the substance providing the gradient, water will travel across the membrane. On the other hand, if the membrane is permeable to the substance then that substance will proceed across the membrane. If the transmembrane gradient is charged species in nature, then this may produce a transmembrane potential. This allows for the use of electrical devices to determine what is going on across the membrane. The measurements obtained determine factors such as pH, ionic strength, electrical potentials, resistance, etc. The actual hardware of the system can also be varied, such as the chamber components, aperture supports, thermostat provisions, electrodes, metal wires, and insulation. 7, 8 Shielding intended to eliminate extraneous light and electrical disturbance may be accomplished, respectively, by either painting the apparatus black or by using black Lucite, and by enclosing the setup in a Faraday cage made of copper wire mesh. Platinum, silver, gold, or stainless steel wire can be used for the support ranging from 0.02 to 1 mm or more in diameter. Teflon coating, 0.075 mm, is usually present on the wire. The reference electrodes in the cell chamber may be either a saturated calomel electrode (SCE) or a chlorided Ag wire electrode.
Modified bilayer lipid membranes
A comparison of properties of BLMs, liquid hydrocarbons and biomembranes are listed in Table 2 . Some of the more important parameters of the lipid bilayer are performed once the membrane has been modified. Modified BLMs are tested for induced and/or enhanced sensitivities to substances in the bathing solution. Some of these substances are ions 8 , dyes and pigments 8 , hydrogen peroxide 8, 28 , oxygen 21 , metal cations 21 , iodide 16 , ascorbic acid 9 , enzymes 17 , xanthine 28 , glucose 12, 15, 29 , peptides 2, 15, 29 , etc. In addition, immune system interactions were detected when a BLM system was modified with an antigen. 43 Redox reactions are studied when various cytochromes are incorporated into the BLM system. 14, 15 Ion transport can be analyzed when certain channels are incorporated into a solid supported membrane. 44 Furthermore, other molecules can be embodied into the membrane that greatly increase the stability as well as the selectivity of the BLM enabling it to become a much more practical biosensor. 2, 15, 17 There are a few basic methods used to modify the bilayer membrane. The membrane constituent(s) to be incorporated into the bilayer may be added to the lipid solution prior to the assembly of the membrane. If modification is desired after BLM assembly, then the modifier can be added to the bathing solution. The bilayer membrane can be sufficiently modified by the addition of only trace amounts of the modifier. The reason for this is a result of the large ratio between the surface area and thickness of the membrane.
Measurements with a modified membrane begin once the electrical parameters such as membrane resistance or capacitance reach a steady state value and a membrane of bilayer thickness has been reached. 8 Changes regarding membrane properties in response to a stimulus from the bathing solution may change the electrical potential across the membrane which will propagate a signal to be sensed by the electrodes. This signal can then be quantified using electrical measuring devices. The extreme fragility of the conventional BLM seriously limits its utility as a practical tool since it cannot be easily fabricated and will not endure rugged handling. This problem of fragility was finally overcome by forming BLMs on either freshly created metallic surfaces or on smooth substrates (e.g., gels, see below).
5,8-10
Preparing a solid supported BLM Although the conventional BLM proved to be very useful, it has one major deficiency, namely stability. Due to the nature of the thin membrane, the conventional BLM apparatus provided very unstable support. The lipid layer could unexpectedly rupture at any time. This was very frustrating for researchers to deal with until this problem was finally resolved. With the 6 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. The construction of the s-BLM made it very easy to test for many electrical parameters. Already having an electrode on one side of the membrane, essentially all that is needed to test for potential differences across the membrane is a reference electrode in the bathing solution. Care must be given to insulate all electrical devices to ensure that the only potential being measured is across the membrane.
Solid supported planar bilayer membranes proved to be very useful and easy to work with in the field of membrane research and solved many of the shortcomings of the conventional variety. However, the nature of s-BLMs poses a new problem when considering the passage of ions across the membrane. The solid support which provides such great stability for the membrane precludes any passage of materials across it.
The sb-BLM relied on the idea of finding a substance which can act as a support and still possess fluid properties allowing for the translocation of materials. 6 The substance chosen was a hydrogel (agar or agarose) commonly used as a salt bridge in electrochemistry. This gel not only proved to be viscous enough to provide valuable support for the thin membrane, but also fluid and polar enough to act as an aqueous interface. This new bilayer lipid membrane system allows for the passage of materials across a stable ultrathin membrane as well as possessing the electrical properties of its evolutionary BLM ancestors. Therefore, the sb-BLM model sheds new light on the mechanisms involved in membrane transport, ion selectivity, voltage and ligand gated channels, electron transfer, and light transduction. 15 Once a stable bilayer lipid membrane model had been established in the lab, a new dimension was added to membrane research. A wide variety of molecules, providing various chemical and physical properties, were then incorporated into the lipid bilayer. These molecules are termed modifiers. A membrane is modified by adding a modifier to either the bathing solution or the Plateau-Gibbs border. To make a significant change in the membrane composition, only trace amounts need to be added to the bathing solution. 5 The addition of certain modifiers can also be used to produce dramatic stabilization effects on the membrane. 17 Introduction of certain saccharides into the bilayer may provide the possibility of membrane storage in a dehydrated form without causing damage to the structure. Researchers are currently working towards devising ways in which BLMs may be of practical use as a biosensor to clinicians and laboratory technicians. The two key criteria which must be satisfied when attempting to apply a BLM as a practical biosensor are stability and cost. The biosensor membrane must obviously possess excessive stability in order to provide any useful applications.
BLMs on metallic substrates (s-BLMs)
The procedure used in forming a s-BLM is quite different from that used to form the conventional BLM. This new procedure, as the name implies, provides greater support for the stability of the BLM enabling the membrane to last much longer. The formation of a s-BLM is accomplished in two basic steps (Fig. 2) . In the first step, a metal wire, usually platinum or stainless steel, is immersed in a lipid droplet. 6 The wire is usually coated with some type of insulator, usually Teflon. It should be noted that the wire has had sufficient time to react with the oxygen in the air causing the metal to form oxide. As a result, once the wire is submerged in the lipid solution, the tip needs to be cut off using a sharp knife or a miniature guillotine. 8, 13 The nascent surface of the freshly cut metal tip is highly hydrophilic and microscopically rough. 8 The rough surface has many pits and crevices in it which make it difficult for the polar heads of the lipid molecules to bind to the support. However, the "fluid" and dynamic nature of the lipid bilayer obviates this problem.
In the second step, the freshly cut metal wire with the lipid droplet is submerged in an aqueous solution (see Figs. 2 and 3) . After a few minutes, a stable lipid bilayer will have formed on the tip of the wire. Electrical properties are utilized to observe the thinning process of the membrane. When the increasing slope of the capacitance and the decreasing slope of the resistance begin to plateau, indications of a bilayer are present. The hydrocarbon interior of the bilayer membrane is responsible for these electrical properties. 7 It is important to note that the bilayer formed here is liquid crystalline in structure which enables it to be modified for future basic studies. 5 Unlike conventional BLMs, the structural state of sBLMs and therefore many of the mechanical and electrical parameters can be modified by applying a d.c. voltage. Further, a s-BLM formed in the manner described is remarkably stable; it cannot be removed by simple washing or mechanical agitation. A s-BLM may be detached from its metallic substrate, however, by sonication, electrochemically or by drastic chemical treatments. Although usually depicted the lipids are oriented perpendicular to the metal surface, they are most likely tilted in some angle from the normal. To cover any surface by a layer of lipid molecules at the molecular dimension is an extremely difficult task, since the morphology of the substrate is not likely to be "smooth". As an experimental fact, monolayers and multilayers of lipids prepared by the L-B technique are often full of pinholes. These defects are hard to avoid owing to the nature of the substrate at the atomic level. Thus, a freshly cleaved metal surface is not smooth at the atomic level; it is most likely to be very rough with grain and edge boundaries. However, the lipid solution used, being a fluid, is able to interact with the bumpy terrain of the newly cut metal surface and to form an intimate bond within its indentations, pits, and crevices. The lipid monolayer adjacent to the solid metal support is presumed to be stabilized by hydrogen bonds arising between the hydrophilic groups of the monolayer and the electronegative metal surface. The hydrophobic alkyl tails of the amphipathic lipid molecules are arranged in such a way which allows the polar head groups to pack more closely. The final self-assembling lipid bilayer is stabilized because of intermolecular forces. The breakdown voltage of s-BLMs under these conditions is several fold higher than conventional BLMs (up to 1.5 V or more). The most important factor in the process of the s-BLM preparation seems to be the time the cut end of the wire is allowed to remain in the membrane forming solution (~10 min) prior to its transfer into the aqueous solution for a supported BLM to self-assemble. It should be mentioned that s-BLMs may be formed from a lipid droplet deposited on an 
BLMs on agar and agarose gels (sb-BLMs)
Although s-BLMs on metallic substrates are attractive for certain purposes (e.g., certain biosensors), the metallic substrate however precludes ion translocation across the lipid bilayer. Therefore, until a few years ago the pursuit of a simple method for obtaining long-lived, planar BLMs separating two aqueous media has been an elusive one. 6 The procedure for forming a planar BLM on agar or agarose gel has been published. 9, 10 Briefly, a small diameter (~0.5 mm) Teflon tubing is filled with a hot hydrogel solution (e.g., 0.3 g agar in 15 ml of 3 M KCl). For electrical connection as well as serving as a reference electrode, an Ag/AgCl wire is inserted at one end. The other end of the agar-filled Teflon tubing is cut in air and then the cut end is imme- 
BLMs on interdigitated electrodes
As demonstrated by us and others 11, 12, 26 , the solid supported BLM system (s-BLM) not only possesses the advantages of a conventional BLM structure but additionally gains the new important properties such as (a) the long-term stability, (b) a highly ordered, yet very dynamic liquid-like structure, (c) two asymmetric interfaces, and (d) this type of probe is destined for microelectronics fabrication. On this last mentioned property, we have extended the experiment to the interdigitated structures (IDS). IDS are finger-like electrodes made by microelectronics technologies and used in microchip applications. The results of their use in s-BLM applications and related systems are described.
2,11

Measurements of electrical properties
The electrical properties of a planar BLM separating two aqueous solutions (i.e., aqueous solution | BLM | aqueous solution) 7 or a metal/gel substrate and an aqueous solution (i.e., metal | BLM | aqueous solution or gel | BLM | aqueous solution) can be easily determined. Generally, the BLM resistance (R m ) is several orders of magnitude higher than those of the combined resistances of the contacting electrodes and aqueous solutions. 8, 13 A good electrometer with a 10 9 input impedance together with a picoammeter should be adequate. For BLM experiments involving cyclic voltammetry 14 , a block containing two adjacent 2 cm diameter chambers (one of which holds a 10 ml Teflon cup), was commonly used. The Teflon cup was referred to as the inside, and the other chamber as the outside. A threeelectrode system for obtaining voltammograms has been used in the following configuration: one reference electrode (SCE or Ag/AgCl) is placed in the Teflon cup and two other reference electrodes are on the outside. The voltammograms of the BLM are obtained using an X-Y recorder fed by a picoammeter and the voltage generator (e.g., Princeton Applied Research, Universal Programmer, Model 175). The voltage from the programmer is applied through the potentiometer to the reference electrode immersed in the inside solution. Another reference electrode immersed in the outside solution is connected to the picoammeter. The important feature of the setup is a very weak dependence of its input voltage on the current being measured. This means that the current is measured under "voltage clamp" with accuracy ±1 mV. In voltammetry the potential of the cell is varied and the corresponding current is monitored. The graph with the current plotted on the vertical axis vs. the potential on the horizontal axis is called the voltammogram, which is characterized by several parameters. The working electrode (WE) may be made of Pt, Au, or carbon paste, glassy carbon, semiconductor SnO 2 or in our case one side of a BLM. An Ag/AgCl or a saturated calomel electrode (SCE) is used as the reference electrode (RE). The potential scan or sweep is carried out between two potential values of interest (e.g. from about 1.2 to −0.8 V vs. SCE). The scan rates can be anywhere from 0.1 mV to 100 V or more per second but values between 10 mV to 400 mV s -1 are frequently used. The current response of the processes at a metal electrode are indicative of the nature of the redox reaction at the interface. Experimental results derived from measurements of this kind permit the elucidation of mechanism and the thermodynamic parameters of the process (e.g., charge transfer reaction). Frequently a "duck-shaped" voltammogram is obtained for redox reactions. The underlying physical mechanism responsible for the "duck-shaped" profile is based on the interplay between the kinetics of the charge transfer process and the mass transport of the charge carriers (oxidants and reductants). These basics of CV (cyclic voltammetry) and its elegance and simplicity are well known to electrochemists. According to our knowledge, this powerful CV technique was applied for the first time to membrane studies in 1984 with interesting results.
2,14,42 The peak current (i) for the transfer of charges from one side of the BLM to the other side is given by i = kn
where k is a constant, n is the charge of the species, A is the interfacial area, D is the diffusion coefficient, v is the scan rate (mV/s) and c is the concentration of the redox species in solution.
Parameters determination of BLMs from voltammogram
The typical equivalent circuit of traditional planar BLM system is represented by a membrane resistance R m in parallel with a membrane capacitance C m . The triangular sweep wave in the range of ±V 0 with the scan rate A (mV s -1 ) is the input from the circuit. The current in nanoamperes or picoamperes is measured. There are two components in the current through the membrane, namely the charging current i c and resistance current i r . The former is determined by the capacitance as follows:
It can be shown that the capacitance current i c through the membrane capacitance is a constant. From Ohm's Law, the latter component i r of the membrane current is caused by the membrane resistance, i.e.
So the net current passing through the membrane can 9 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 be expressed as
Equation (4) shows that the current through the resistor increases with increasing scan voltage. In the case of the constant scan rate A, with fixed values of C m and R m , the current i has a linear relationship with the sweeping potential V. Thus, the slope reflects the value of R m , whereas C m can be determined by measuring i c according to the graph of the I-V response. i c will jump to its negative values suddently (-i c ) only at such points where the sweeping wave reaches its maximum and begins to reverse. The jump distance 2h equals 2i c , thus C m will be calculated by merely measuring h.
However, the typical voltammogram of an unmodified s-BLM has a different shape when compared with parallelograms obtained for the planar BLMs. The difference between them indicates that the equivalent circuit proposed for the conventional BLM is no longer valid for the s-BLM system. Measurement errors will have a great impact on the accuracy of parameter determination unless the circuit is improved.
A typical s-BLM system consists of a supported BLM, an electrolyte and a reference electrode, which may be represented by a number of suitably connected R m and C m . According to the I-V response recorded on the real s-BLM, the improved equivalent circuit for the s-BLM is developed , where the non-membrane resistance R n introduced in series with the original circuit, and the parallel C s is the distributing capacitance for the entire circuit. The membrane is characterized by high resistance and a high capacitance. Their measurement accuracy is far more affected by the proposed nonmembrane resistance R n , whose composition and effect on the measurement error will be discussed in the following section.
From simulation we obtained similar I-V response by CV with the BLM simulator which contains relevent electrical circuit. The effect to be achieved by a set of I-V response generated by BLM-simulator with and without R n , where the regular development of CV waveform are shown with varying the value of R m , C m , R n and C s . A set of voltammograms have been obtained in which C m is varied while holding R m a constant and R n at 0 Ω. From cycle 1 to 3, 42 the intercept with the i axis rises gradually in correspond with the C m increase. The slope drops down as R m increases while keeping C m constant.
An improved equivalent circuit has been developed, where both R n and C s are involved in the consideration. 42 A detailed observation of the effect of R n on the shape of I/V cycle is carried out. In our experiment, R n varies in a wide range from 10 0 to 10 9 Ω, while the other membrane properties are simulated holding R m at 10
9 Ω, C m at 3 nF constant, both of which are still within the range of biomembrane. From the obtained curves, the similarities of the I/V cycles which have the shape of parallelogram even if R n reach the value of 10 7 Ω. However, when R n increases to 10 8 Ω(≈0.1R m ), it begins to be characterized by charging current. The intercept with current axis is also somewhat decreased. The most important feature is that, when R n reach the same order as R n (≈R m ), the voltammogram does not display the shape of parallelogram any longer, and it is very similar to that observed for the s-BLMs system. 42 The intercept with the i axis drops down sharply. The slope decreases during potential sweeping, and it is much lower than the slope in the case of BLM-simulater without R n or with a low value of R n . In this last case, the intercept can no longer reflect the membrane capacitance, and it is the same as the slope of membrane resistance.
Therefore, the measurement error would be greatly increased if one still considers the intercept to i-axis as membrane capacitance and the slope as the resistance. What causes the large value of R n is still being discussed. The previous report using LAPS technique has studied the system by consideration of the solution impedance affection. 42 However the value is not so high that it approaches to the R m . Because in our previous research the non-membrane resistance was not found so high in conventional planar BLM, and the technique for forming self-organized s-BLMs is based conceptually on interactions between a nascent metallic surface and amphipathic lipid molecules, it is supposed that a very possible principle composition of R n is aroused by the metal-lipid interface (interface resistance). Other important facts in R n include the electrode, electrolyte and solution impedance, and any other components which greatly effect the measurement accuracy.
Here, we propose a new method for determining R m , C m , C s and R n accurately from the on-line s-BLM cyclic voltammogram. To make clear the effect of R n on the I-V response, the quantitative relationship of the membrane current with the sweep wave potential should be derived rigorously from the solution of coupled equations based on the equivalent circuit. 42 The set of differential equations is as follows:
where i is the total current recorded, i s is defined as the current through C s , and all other parameters are defined above. Here, the final(definite) solution i=f(V) is presented, where R n and C s have been included:
ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 (6) The initial conditition for Eq. (6) is
During the half-cycle sweep from a to b, we can see from Eq.(6) that there are three components included in membrane current: (1) the time-linearly dependent term which is the resistance current obeying Ohm's Law; (2) the time-exponentially dependent term in which R n , R m and C m should be taken into account; (3) the constant term resulting from the distributing capacitance C s for the entire circuit. The traditional way for parameter determination is to vary each of the parameter values while holding all other parameters constant and to select a fitting curve with a minimal deviation. However, the complexity of the calculation is the major impediment in finding a group of effective suitable values to fit the calculated curve. Despite the aid of computer, the calculation still requires much more time, which can not be utilized for on-line parameter determination. So it is necessary to derive an accurate expression for the parameters R m , C m , R n , C s from the original solution of Eq.(6).
Thus, the method for determining R m , C m , R n and C s has been obtained (see Fig. 4 & ref. 42) . First of all, the constant term C s A in Eq. (6) will be negative at the very moment when the sweep potential reaches its maximum and begins to reverse. So, the height 2h corresponds to twice the value of the distribution capacitance C s . So from on-line computer acquire and parameters determination, the height 2 h can be read out, and C s is determined by
The differentiation of Eq.(6) is given by (7) The potential of the triangular sweep wave moves from -V 0 to +V 0 (from a to b). At the half-cycle terminal b, the exponential term can be rationally omitted and the slope of the tangent line CD at the point b can be expressed as
The intercept of CD with the current i-axis is y 1 which is
The intercept of the voltammogram with the current iaxis is y 2 ; therefore (6) Thus without any time-wasted fitting procedures, all the membrane parameters can be calculated cycle by cycle from the online data acquisition (see Fig. 4 ) as follow: (11) In concluding this analysis, the only parameters that need to be acquired directly for a recorded voltammogram of s-BLM are D, y 1 , ∆y and 2h. From the relationship described in Eqs. (11), it is now possible to calculate accurate values of the membrane electrical parameters for the s-BLM system. In this section, an unusual method is proposed which can determine the properties accurately without any iteration. 42 So the real-time measurement can be carried for the dynamic analysis.
Results and Discussion
All biomembranes are composed of a lipid bilayer intercalated with other constituents such as proteins, carbohydrates, and their complexes. Insofar as can be determined, biomembranes are liquid-like and in a dynamic state. Thus, it is not surprising that today BLMs and liposomes are the most used model systems for biomembrane studies. 37 Electrically speaking, both BLMs and biomembranes possess very high capacitance (~1 µF cm -2 ) and dielectric breakdown strength (>200000 V/cm). 7, 37, 38 By virtue of its molecular organization, a BLM possesses a very high electrical resistance which is important in minimizing the high background noise associated with an ion-conducting aqueous environment. Since an ion or a charged species is usually not able to penetrate a metallic surface, a redox reaction must take place in order to observe a current. 14 Concerning the thickness of the coating, the molecular dimension of a BLM (lipid bilayer) greatly shortens the diffusion pathway of electroactive species towards the electrode surface as compared with other thin films and coatings (e.g., polymers, carbon pastes). In a sense, the lipid bilayer as existing in BLMs and liposomes may be considered as a solvent for a number of hydrophobic materials. 37, 38 In this connection it should be mentioned that ion-channels and electrical excitability are closely related phenomena that have been extensively investigated. 6, [33] [34] [35] For example, Kihara and colleagues 23 have reported ion transport through BLMs and liquid membranes. In their case, the transport process are quite similar. These authors suggest that electrical oscillations in BLMs are mainly determined by the complementary ion transfer reactions at two aqueous-membrane interfaces. Regarding this, the papers by Kakiuchi et al. 24 , and by Wang, Dong and their associates is also of interest. 25 The origin of supported BLMs dates back to 1976 when we were interested in developing a model system for the thylakoid membrane with suitable strength and size for use as a solar energy conversion device. 5 Later, supported BLMs were formed on metallic wires, conducting SnO 2 glasses, gel substrates, and on microchips, as described in details elsewhere. 6,9,11 These selfassembled, supported BLMs, overcoming the stability problem of the conventional BLMs, have opened a range of possibilities in manipulating interfacial properties as well as in developing devices for practical applications. 8 As discussed by many investigators and reviewed elsewhere 12, 13, 15 , we define biosensors as a new class of sensors that incorporate biomolecules as their principal sensing components. The word "biomolecule" is meant to include those compounds that exist in nature (chlorophylls, receptor proteins, antibodies, hormones, DNA, etc.) as well as man-made compounds such as TCNQ, meso-tetraphenylporphyrins (TPP), phthalocyanines, fullerenes (C 60 ), etc. 16 , described later in this paper. In the following sections, after a brief discussion of the electrochemistry of conventional and supported BLMs, we will be mainly concerned with the use of s-BLMs and sb-BLMs in biosensor applications.
Biosensor applications
As described previously 12 , the development of electrochemical biosensors is growing at a rapid pace since the early 1980s. In the biomimetic approach, a lipid bilayer is used. The functions of biomembranes are mediated by specific modifiers, which assume their active conformations only in the lipid bilayer environment. Further, the presence of the lipid bilayer greatly reduces the interference and effectively excludes hydrophilic electroactive compounds from reaching the detecting surface, which may cause undesired reactions. Thus, from the specificity, selectivity, and design points of view, the BLM is a natural environment for embedding a host of materials of interest for the biosensor development. Supported BLMs can be employed for the incorporation of a number of compounds such as enzymes, antibodies, protein complexes (receptors, membrane fragments or whole cells), ionophores and redox species for the detection of their counterparts, respectively, such as substrates, antigens, hormones (or other ligands), ions, and electron donors or acceptors. Hence, the rationale behind the development of BLM-based biosensors is remarkably simple: to function in a biological environment the sensing element must be biocompatible. The lipid bilayer (BLM) meets this criterion and is, therefore, an ideal choice upon which to develop a new class of electrochemical biosensors. 22 The essential aspect of biosensors consists of a biosensing element for detection and a transducer for converting the detected signal for an appropriate display. Biosensing elements include membranebound antigens, antibodies, DNA, carriers, enzymes, receptors, tissues, cell organelles, or whole cells as already mentioned above. The transducing components can be electrodes, optical fibers, piezoelectric crystals, etc. responsible for the observed transmembrane interactions.
s-BLMs stabilized by trehalose.
From an experimental viewpoint, the stability of BLMs has always been a common concern. Recently, we have investigated the effect of trehalose and glucose on the elasticity modulus perpendicular to the membrane plane and the electrical capacitance (C m ) of s-BLMs on Teflon-coated Ag wire. 17 Addition of the saccharide (trehalose) into the electrolyte resulted in decrease of elasticity modulus of the s-BLM formed from soybean phosphatidylcholine in hexadecane, while C m did not change. Further, trehalose had considerable stabilizing effect on the other parameters of the s-BLM, consistent with our earlier findings.
2,13 Treatment of the s-BLM in electrolyte containing 300 mM trehalose allowed s-BLMs to be kept 12 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 in dry conditions and stored for several days in a refrigerator with subsequent recovery of membrane parameters after dipping the wire into the electrolyte. The addition of trehalose to the lipid membrane precluded the usual damage that the membrane endures from exposure to air, enabling it to be stored in a dehydrated form for up to many days. When the dehydrated membrane is dipped back into the electrolyte solution, the electrical and physical properties of the BLM are amazingly recovered. 17 This feat is accomplished when the trehalose is removed from the membrane due to the hydrogen bonding forces between the water molecules and the phosphate heads and also by the reordering of the hydrophobic region of the membrane. Therefore, trehalose modified membranes provide many potential possibilities for practical applications of s-BLMs as biosensors in the future.
Cyclic voltammetry of s-BLMs modified with redox species.
In one application of the self-assembled BLM on a solid support, the redox reactions of embedded pigment-protein complexes are of interest, where the transfer of electrons is assumed from a pigment to a substrate. To model these processes we have studied the electron transfer from cytochrome c to a Pt electrode covered with a modified s-BLM. 39, 47 The water soluble cytochrome c is often denatured on the clean metallic surfaces. In the case of s-BLMs modified with AQS (anthraquinone-2-sulfonic acid), the cytochrome c in the solution gives no observable current responses. When 1 mM diaminodurene (DAD) was added to the cytochrome c solution, the cyclic voltammogram with corresponding oxidation and reduction peaks was recorded. The redox potentials did not change with the different scan rates. In another experiment, the heights of the cyclic voltammogram peaks increased, when only diaminodurene has been present in the solution. The current was changed independently from the concentration of the cytochrome c, when the s-BLM has been modified by AQS and with DAD present in the solution. It is reasonable to assume that cytochrome c is physically adsorbed onto the BLM and thereby effectively excludes the DAD molecule from the s-BLM surface. The analogous experiments were also carried out with s-BLMs modified by 4,4'-bipyridyl and with ferricyanide present in the solution. 47 pH sensors.
Currently, for hydronium ion detection, the pH glass electrode is routinely used. However, the large size and fragility of pH glass electrodes preclude their use in many situations such as in vivo cell studies and in monitoring membrane boundary potentials. For example, the hydrolysis of membrane lipids by phospholipid enzymes (lipases A and C) could alter the boundary potential of BLM because of a local pH change. These findings suggest that s-BLMs can be used as a pH probe in membrane biophysical research and in biomedical fields where the conventional glass electrode presents many difficulties. To test our concept, we incorporated a number of quinonoid compounds (chloranils) into s-BLMs and found that, indeed, s-BLMs containing either TCoBQ (tetrachloroo-benzoquinone) or TCpBQ (tetrachloro-p-benzoquinone) responded to pH changes with a nearly theoretical slope (55±3 mV). 11, 13, 15 This pH-sensitive s-BLM offers prospects for ligand-selective probe development using microelectronics technologies (see below). Interdigitated structure-based sensors.
By forming s-BLMs on IDS (InterDigitated Structure) made on platinum with a window of 0.5 mm×0.5 mm, we obtained the following interesting results. First, when an IDS coated with a BLM formed from asolectin, it responded to pH changes with 15±2 mV/decade slope. The conductance of s-BLMs on IDS was about 50 times higher than that of the usual s-BLMs. Second, when an IDS coated BLM formed from asolectin plus TCoBQ (or TCpBQ), the pH response was linear with a 50±1 mV slope. This very interesting finding suggests that (i) the lipid bilayer, the fundamental structure of all biomembranes, could be attached to an IDS whose responses were not unlike those found in s-BLM 11 , (ii) this type of structure (i.e., s-BLM on interdigitated electrodes) can be used to investigate ligand-receptor contact interactions, and (iii) s-BLMs on an IDS can be manufactured using microelectronics technologies which already exist without the explicit need of special modification. 26 In this connection it should be mentioned that the experiment on IDS-chip modified with a BLM is based on a common basic aspiration. That is to self-assemble a lipid bilayer containing receptors so that a host of physiological activities, such as ion/molecular recognition can be investigated. The structures to be reconstituted are inherently dynamic. Receptors and ligands in such close contact normally will vary as a function of time, frequently resulting in non-linear behavior. With IDS-chip modified with BLMs, we now have at last a most unique system for extensive experimentation which will be limited only by our imagination. Antigen-antibody sensitivity. The next study conducted an investigation of membranes modified with the hepatitis B antigen utilizing both s-BLM and a sb-BLM systems. 43 This type of BLM set up allowed an immune reaction to occur between the antigen and antibody. The antigen/antibody interaction was observed when the resistance across the membrane decreased and the capacitance across the membrane increased. The antigen modified s-BLM was shown to be active, stable, and suitable for practical applications as a biosensor. IDS-based sensor for urea. Several investigators have reported conductometric urea sensors using interdigitated electrodes. 2, 11, 15 Using interdigitated electrodes (IDS) of our own design 2, 11 , urease was embedded on the surface of an IDS with Pt "fingers" of 25 on each lead in a measuring window 0.3×0.3 mm. We have also experimented with IDS of a circular design (6 mm diameter) with 7 and 8 fingers for each electrode, with similar results. The response of this type of sensors to urea was linear up to 15 mM with good time resolution. Both the time resolution and stability of the sensor may be improved. For example, by incorporating an electron mediator such as fullerene C 60 with the enzyme, the speed of the response should increase (see iodide sensor below). Hydrogen peroxide. Considered next is the investigation of hydrogen peroxide sensitivity to membranes modified with TCNQ and DP-TTF (dipyridyl-tetrathiafulvalene). 8 When a s-BLM was modified with DP-TTF, the range of sensitivity to H 2 O 2 in the bathing solution and the stability of the membrane both increased. The red/ox current increased across the membrane as the H 2 O 2 concentration in the bathing solution was increased. The current was found to originate from a red/ox reaction with the s-BLM and/or the stainless steel electrode surface. DP-TTF molecules proved to be good modifiers in improving the membranes response to hydrogen peroxide and stability of both the s-BLM and the sb-BLM. 8, 9 However, when the membrane was modified with TCNQ, the s-BLM showed to be less sensitive to hydrogen peroxide than the unmodified s-BLM and also less stable. Therefore, TCNQ provides no potential benefits towards the formation of a H 2 O 2 biosensor. This was not entirely unexpected since TCNQ should behave as an electron acceptor.
14 If highly conjugated compounds such as TCNQ are incorporated in the s-BLM forming solution, the resulting s-BLM was able to detect the presence of ascorbic acid, which is consistent with the findings obtained with conventional BLMs. 13 
Ion sensors.
s-BLMs containing six different kinds of crown ethers were synthesized and investigated using CV. 20, 21 In particular, s-BLMs formed from a liquid crystalline aza-18-crown-6 ether and cholesterolsaturated heptane solution was found to be sensitive to K + in the concentration range of 10 -4 to 10 1 M having a Nernstian slope. The specificity for three alkali metal cations and NH 4 + of five different kinds of bis-crown ethers in BLMs were investigated. The order of specificity for most of these bis-crown ethers was found to follow hydrated radii of cations, i.e., NH 4 + >K + >Na + >Li + . The results obtained with these s-BLMs compare favorably with conventional BLMs containing related compounds such as valinomycin. 5, 10 Umezawa and his colleagues, for example, earlier reported in an elegant comparative study on the potentiometric responses between a valinomycin-based BLM and a solvent polymeric membrane. Minami et al. 10 found that the detection limit, dynamic range and optimum valinomycin concentration for the K + ion-induced Nernstian slope for the BLM were comparable to those of the polymeric membranes. On the basis of their findings, Umezawa and co-workers concluded that they have made the first successful planar lipid bilayers using totally synthetic lipids. 10 In this connection, Kunitake and colleagues reported the use of calixarenes, which are one of the most sophisticated synthetic host (receptor) molecules as selective transporters in BLM. 34 Kimizuka et al. concluded that calix [4] arene displayed a mediated transport of alkali metal ions selectively across BLMs formed from double-chained amphiphiles with cationic, anionic and non-ionic polar groups. They further stated that synthetic BLMs not only provide highly organized molecular matrices for carrier translocation but also affect the ion-complexation and release processes at the membrane-solution interface. Indeed, these molecularly designed lipophilic compounds, when incorporated in a PVC membrane, can serve as ionophores for potentiometric and optical sensors as have been reported by Tóth and her colleagues. 35 When the HDTAB (hexadecyltrimethylammonium bromide) crown ether was used, sudden changes in membrane potentials were always observed. When cholesterol was incorporated into the membrane, the stability of the s-BLM increased even more than when HDTAB was used. This is probably due to the amphiphilic properties possessed by cholesterol. The crown ether molecules that were capable of spanning the entire thickness of the membrane produced the best response to the metal cations. In fact, some of the molecules produced data which were very close to the theoretical measurements predicted by the Nernst equation. 21 In connection with cholesterol, Morzycki et al. reported the synthesis of dimeric steroids as lipids specifically designed for planar lipid bilayer experiments. 33 It would be of great interest to determine the electrical and other properties of BLMs formed from these new compounds.
Sensitive to Pb(II).
Interesting results were obtained regarding the TCNQ modified s-BLM biosensor designed to detect lead ions in the bathing solution. When TCNQ was incorporated into a cyanobiphenyl bilayer membrane, the lead ion sensitivity of the platinum electrode increased three fold from the unmodified membrane. 8 This specific s-BLM shows high efficiency of electron transfer across the membrane. The high efficiency may be due to the charge transfer complex (8CB + TCNQ -) which is created in the membrane that cooperates in red/ox reaction enabling the transfer of the charge. Therefore, it is evident that the electron exchange between the (8CB + TCNQ -) complex and the lead ion has a lower energy barrier than the transfer of an electron between the lead ion and the bare Pt electrode. 5, 8 It is of interest to note that TCNQ-containing BLMs have been investigated by Schriffin and colleagues. Cheng et al. 45 reported a potential dependence of transmembrane electron transfer across PC-BLMs mediated by ubiquinone, whereas Cunnane and Schiffrin 45 studied the kinetics of ionic transfer across adsorbed PC planar lipid bilayers. More recently, Wang et al. 46 , using CV, have examined the electrical behavior of TCNQ-modified s-BLMs, displaying different peaks as a function of scan rates. Also using the CV technique, Sabo et al. reported an investigation of s-BLMs on Pt substrate with a number of electron mediators. 47 
Molecular sensors.
From a technical point of view, transducers for use in biosensors can be divided into four categories: electrochemical, semiconductive, optical and others such as piezoelectric. We shall be concerned only with the electrochemical category here, which consists of potentiometric and amperometric approaches. Many researchers have reported sensors for the detection of molecular species besides glucose such as antigens and antibodies. For example, we have reported in a feasibility study of an antigen-antibody reaction using s-BLMs as biosensors with electrical detection. 43 The antigen (HBs-Ag=Hepatitis B surface antigen) was incorporated into a s-BLM, which was then interacted with its corresponding antibody (HBsAb=monoclonal antibody) in the bathing solution. This Ag-Ab interaction resulted in some remarkable changes in the electrical parameters of s-BLMs. The magnitude of these changes were directly related to the concentrations of the antibody in the bathing solution. The linear response was very good, ranging from 1 to 50 ng/ml of antibody, demonstrating the potential use of such an Ag-Ab interaction via the s-BLM as a transducing device.
Glucose sensors.
Earlier, we have reported the embedding of glucose oxidase in a polypyrrole-lecithin BLM with good results. 13, 15 In the case of the glucose sensor, the potentiometric approach has been less successful than the amperometric one. 12, 15, 28, 29 The steadystate current for amperometric glucose sensors is largely determined by the effective membrane thickness and the concentration of the embedded enzyme. We have tested a glucose sensor by embedding glucose oxidase (GOD) in avidin on s-BLM formed from biotinylated phospholipids. 19 Essentially, after biotinylated s-BLM formation, the coated wire tip was immersed in a 2.7 µM avidin-GOD solution to allow the coupling between avidin-GOD and s-BLM to establish. This was evidenced by a current reduction of about one order of magnitude. When the glucose was added to the cell, an increase in redox current was observed, which was a function of the applied voltage having a maximum at +670 mV. This avidin-GOD complexed biotinylated s-BLM sensor was capable of detecting glucose with a linear response up to 9 mM. Since the lipid bilayer is "liquid crystalline" with self-sealing property, the presence of pinholes (defects) seems unlikely. Hence, a credible explanation for this glucose sensor would be based on electron transfer from the enzyme GOD embedded in the lipid bilayer to the metallic substrate, where the major barrier for the electron pathway is most likely to exist. One way to test this hypothesis is by incorporating an electron carrier (mediator) such as fullerene C 60 in the lipid bilayer phase. 16 Experiments with C 60 doped s-BLM glucose sensors will be tried in due course.
Syringotoxin-induced channels in a sb-BLM.
Of special interest is that cation channels in BLMs can be induced by a number of toxins such as δ-endotoxins. 13 With the availability of highly stable sb-BLMs, we decided to embed certain phytotoxic substances such as syringotoxin (S-toxin) into the lipid bilayer, since the dimensions of this S-toxin are almost in the same range as the lipid bilayer thickness. 2 Indeed, the single ion channel activities of this S-toxin-containing sb-BLM were observed, which appear as a square-shaped current fluctuation during the transitions of the channels between different conducting states. From plots of frequency vs. single-channel conductance histogram, and the current-voltage curve, a linear relationship was obtained. In the latter case, the slope conductance was found to be 125 pS for the S-toxin-modified sb-BLM, which is in accord with known values.
2,13 Thus, we have established the usefulness of sb-BLMs in membrane channel reconstitution studies. Mentioned should be made about extensive investigations carried out by Kirino and colleagues. For instance, FujiwaraHirashima et al. reported a voltage-dependent chloride channel embedded into BLMs. 49 Concerning ion-channels, Galla and his associates 44 reported gramicidin channels incorporated in solid supported lipid bilayers using impedance analysis.
Additional examples of biosensors constructed using s-BLMs are as follows: Xanthine can be detected when the membrane is modified with xanthine oxidase, an enzyme present in purine metabolism, whereas glucose can be detected when the membrane is modified with glucose oxidase or electron mediators. 28 Carbon dioxide can be detected in a bathing solution when the s-BLM is modified with hemoglobin. 48 
Experiments with fullerenes
Within the last decade fullerences (C 60 ) have been of great interest in materials science, since it has been shown that C 60 is a good electron mediator and behaves as n-type semiconductor (bandgap=1.6 eV). Our interest in fullerenes as a BLM modifier is owing to their most unique properties. Unmodified C 60 is water-insoluble and hydrophobic. Hence, a BLM is an ideal environment for the compound. Recently we have investigated electron transfer across a BLM containing C 60 , which can act both as a mediator and a photosensitizer. 14, 51 s-BLM-based sensor for iodide.
The outstanding properties of geodesic fullerenes C 60 , C 70 , etc. appear to be excellent modifiers for investigating electronic processes in BLMs. 16 Thus, to test fullerenes' efficacy as an electron mediator in a lipid bilayer environment, we have chosen an iodine-modified BLM system, since it has been previously shown that such a system was sensitive to iodide. 5 The results of our new findings are presented as follows. First, the presence of C 60 greatly strengthened the stability of the s-BLM and dramatically alters its electrical properties. 18 The cyclic voltammograms contain distinct redox peaks, which are not symmetrical. We have found that C 60 in the lipid bilayer had the opposite effects on membrane resistance (R m ) and capacitance (C m ), respectively; it caused the R m to decrease and C m to increase. The presence of iodine in conjunction with C 60 in the s-BLMs further accentuated the effects. It is apparent that both C 60 and iodine, when embedded in BLMs, facilitate electrical conduction, thereby lowering the R m . Since the dielectric constant (ε) of a typical, unmodified BLM is about 2, the presence of C 60 and iodine should exert a great influence on ε. Since C m depends on a number of factors such as the surface charge of the BLM, the nature of hydrocarbon chains, and embedded modifiers, an increase in ε, and consequently in C m , is therefore expected. By incorporating C 60 into our s-BLMs, we have found that the presence of C 60 in the lipid bilayer increased the detection limit for I -by 100 times (to 10 -8 M). Thus, C 60 greatly facilitates the discharge of I 3 -at the metal surface, which demonstrates clearly that the embedded C 60 is indeed an excellent electron mediator. 50 Photoelectric responses of supported BLMs modified with fullerenes. Electron transfer and redox reactions across biomembranes is central to vital processes such as green plant photosynthesis and mitochondrial respiration as well as in the visual process, and have been the focal point of numerous BLM studies. [13] [14] [15] [30] [31] [32] For example, Yonezawa, et al. 30 have reported transient photocurrents in pigmented BLMs in response to alternate illumination with visible and ultraviolet light. In an earlier report, Toda and his colleagues reported photo-switched current through BLMs containing spirobenzopyran. 31 In this connection Yamaguchi and Nakanishi have investigated the photoresponses of azobenzene(AZ)-containing BLMs in detail 32 and found that the electrical changes induced by exposure to light of 360 and 450 nm, alternatively, resulted in reversible changes in the BLM structure initiated by the photoisomerization of AZ. Nakanishi and Yamaguchi concluded that the structural change of AZ seems to be transmitted directly and swiftly to the neighboring molecules because of the fluid and ultrathin structure of the BLM. Their findings are in dramatic contrast to the results of other types of artificial membranes such as L-B films and polymers, as pointed out by the authors. 32 The above referenced work is consistent with the fact that BLMs and s-BLMs represent the simplest selfassembled liquid-crystalline structure that separate two phases (liquid/liquid or liquid/solid). We have recently shown that certain electron mediators can indeed modify the electrical parameters of supported BLMs. 14, 16, 51 Further, in an preliminary voltammetric study 27 , we have found that a s-BLM modified with C 60 can detect FMN (flavin mono-nucleotide). Thus, the insights gained in these findings may facilitate the future research in the use of s-BLMs for practical applications. For instance, in our recent experiments with the sb-BLM containing fullerences (C 60 ). we have found that C 60 function both as a mediator and a photosensitizer. In this connection, Ding and Wang 19 investigated Methylene-Blue modified s-BLMs for examining the behavior of dyes in the lipid bilayer. They suggested that the system should be further investigated by combining the CV method with other surface-sensitive techniques to determine the exact nature of dye-BLM interactions.
Future Research
Cells are the basic unit of life. The cell membrane plays a critical role in the proper functioning of the cell by providing a barrier between the inside and outside of the cell. This barrier is essential for the driving forces of life. The dynamic and ingenious properties of the cell membrane have been duplicated to some extent in the lab allowing for a much more profound understanding of lipid membrane functions and also the practical applications of biosensors.
Research with planar membranes began with the formation of the conventional BLM. A great deal was learned about the nature of lipid membranes from this model but its poor stability created enormous limitations for researchers. The metal and gel supported BLMs described here solved many of the shortcomings of the conventional BLM and opened a door to numerous possibilities for the membrane and biosensor research. It was learned that when a membrane is formed on the tip of a freshly cut solid support, the membrane can last indefinitely. The solid support enabled the membrane to possess great stability, become modified, and be tested for electrical properties. However, the solid support precluded the translocation of ions across the membrane. This proposed somewhat of a limitation until the solid support was replaced with an agar gel. sb-BLMs overcame the shortcomings of both the conventional BLM and the s-BLM by allowing the passage of ions across the membrane.
The initial discovery of planar BLMs, and later supported BLMs have made it possible for the first time to study, directly, the electrical properties and transport phenomena across a 5 nm lipid bilayer separating two interfaces (i.e., aqueous solution | BLM | aqueous solution; aqueous gel | BLM | aqueous solution; metal | BLM | aqueous solution). In this connection other systems such as liquid-liquid and liquid-membrane interfaces are also of interest, when amphiphilic compounds are present. [23] [24] [25] A modified BLM (or a supported BLM) is viewed as a self-sealing and self-assembling entity that changes as a function of time in response to environmental stimuli. A functional biomembrane system, based on a self-assembled lipid bilayer and its associated proteins, carbohydrates and their complexes, is in a liquid-crystalline and dynamic state. In molecular and electronic terms; a functional membrane system can facilitate both ion and electron transport, and is the site of cellular activities in that it functions as a "device" for either energy conversion or signal transduction. Such a system, as we know intuitively, must act as some sort of a transducer capable of gathering information, processing it, and then delivering a response based on this received information. 6 With the 16 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 availability of supported s-BLMs and sb-BLMs, a host of compounds may be embedded in the ultrathin lipid bilayer for detecting their counterparts present in the environment. Owing to its long-term stability, ease of formation, and low cost in its construction, a supported BLM offers an approach especially advantageous in the research and development of lipid bilayer-based sensors and devices. BLMs can be modified with many different constituents to perform many different functions. The membrane can be modified with molecules which make the membrane more sensitive to substances in the bathing solution. Other modifiers act to increase the stability of the BLM. Our work has been benefited by cross fertilization of ideas among various branches of sciences. It seems likely that the sensors and devices may be constructed in the form of a hybrid structure, for example, utilizing both inorganic semiconducting nanoparticles 26, 50 and synthetic lipid bilayers (i.e., supported BLMs). The biomimetic approach to sensor development is unique and full of exciting possibilities. We have been mimicking Nature's approach to "smart" materials science or life, as we understand it, which may be summarized by one word "trial-and-error". This approach was fine for Nature but it is not a viable one for us now, since we do not have unlimited time and resources at our disposal. Nevertheless, we can glean the design principles from Nature's successful products and apply them to our search for better materials from which advanced devices ultimately depend. Researchers are currently working towards ways to further increase the stability and decrease the cost of BLM-based biosensors, allowing for practical use in lab and clinical settings. Once this is accomplished, the possibilities that BLM biosensors possess will be limited only by one's imagination.
